Phylogenies reconstructed from gene sequences can be used to investigate the tempo and mode of species diversi¢cation. Here we develop and use new statistical methods to infer past patterns of speciation and extinction from molecular phylogenies. Speci¢cally, we test the null hypothesis that per-lineage speciation and extinction rates have remained constant through time. Rejection of this hypothesis may provide evidence for evolutionary events such as adaptive radiations or key adaptations. In contrast to previous approaches, our methods are robust to incomplete taxon sampling and are conservative with respect to extinction. Using simulation we investigate, ¢rst, the adverse e¡ects of failing to take incomplete sampling into account and, second, the power and reliability of our tests. When applied to published phylogenies our tests suggest that, in some cases, speciation rates have decreased through time.
INTRODUCTION
Macro-evolutionary biology aims to uncover and understand the processes that have led to the biological diversity we observe today. We would like to document past changes in diversity and then test whether these changes are compatible with various models of diversi¢cation. The widespread and increasing availability of genesequence data makes molecular phylogenies an attractive source of information about historical patterns of diversity. In addition to showing past speciation events, phylogenies of extant taxa may also contain information about extinction (Nee et al. 1994a,b; Kubo & Iwasa 1995) .
Several methods have been developed to infer speciation and extinction rates from reconstructed molecular phylogenies (reviewed by Sanderson & Donoghue 1996; Purvis 1996; Mooers & Heard 1997) . Almost all of these methods have a common statistical framework, the generalized birth^death process. This process, which was initially applied to the fossil record (Raup et al. 1973) , represents speciation and extinction as instantaneous events occurring in continuous time. During a short time interval, Át, each extant lineage speciates with probability b(t)Át and goes extinct with probability d(t)Át. Hence b(t) and d(t) are time-dependent per-lineage rates of speciation and extinction.
Birth^death methods can be used to answer two general questions. First, is speciation or extinction more likely to occur on some lineages than on others (Slowinski & Guyer 1989; Hey 1992; Nee et al. 1992 Nee et al. , 1994b Kirkpatrick & Slatkin 1993; Sanderson & Donoghue 1994; Paradis 1998a )? Second, supposing that speciation and extinction do not vary among lineages, what are the rates of these processes and do they change through time (Hey 1992; Harvey et al. 1994; Nee et al. 1994a,b; Kubo & Iwasa 1995; Zink & Slowinski 1995; Wollenberg et al. 1996; Paradis 1997 Paradis , 1998a ? In this paper we concentrate on the latter question, but note that it can only be asked once the former has been answered. Nee et al. (1994b) suggested that a birth^death process in which speciation and extinction rates remain constant through time is an appropriate null model for diversi¢ca-tion (i.e. b(t) b and d(t) d, where b and d are constants). Consequently, they developed a maximumlikelihood method for estimating b and d from reconstructed phylogenies. Obviously, it is essential to ascertain whether speciation and extinction rates have remained constant before using such a method. Furthermore, deviation from this null model may suggest the presence of evolutionary and ecological processes such as adaptive radiations or key adaptations. Unfortunately, all previous methods for testing the null hypothesis of constant speciation and extinction rates have limiting assumptions. Paradis (1997 Paradis ( , 1998a developed methods based on survival analysis that assume that the distribution of node heights in a reconstructed phylogeny depends only on b(t)7d(t). This is only true if there is no extinction (d(t) 0) (Nee et al. 1994b; Paradis 1998b) . Wollenberg et al. (1996) reported a`null model of stochastic lineage bifurcation and extinction' that has been used to infer changes in cladogenesis through time. However, Wollenberg et al. 's (1996) method tests whether b d, not whether b and d are constant through time (Paradis 1998b) . Zink & Slowinski (1995) developed a test that, like Paradis' (1997 Paradis' ( , 1998a and Wollenberg et al.'s (1996) methods, is limited by the assumption of complete sampling: the reconstructed phylogeny must contain all members of the investigated clade.
Here we investigate the e¡ect of incomplete sampling on methods that test the null hypothesis of constant perlineage speciation and extinction rates. Using Monte Carlo simulation we develop a new test that assumes neither a complete sample nor zero extinction, and apply this method to several reconstructed phylogenies. Our results suggest that incorrect inferences are made when incomplete sampling is not speci¢cally taken into account.
MODEL
We ¢rst de¢ne four common birth^death processes: ¢rst, the generalized birth^death model, in which b(t) and d(t) can vary through time; second, the constantrates birth^death model, in which both b(t) b and d(t) d are constant and b5d; third, the generalized birth model, in which b(t) varies through time and d(t) 0; and fourth, the pure birth model, in which b(t) b is constant and d(t) 0.
Suppose that a birth^death process, starting with one lineage, gives rise to n taxa at the present day. We call a tree containing all n extant taxa a`complete reconstructed phylogeny'. The properties of such phylogenies are well described (Harvey et al. 1994; Nee et al. 1994a,b; Kubo & Iwasa 1995) . If b(t) and d(t) do not vary among lineages then the branching structure (topology) of the reconstructed phylogeny is independent of the underlying birth^death process. However, the birth^death process does determine the internode distances of the reconstructed phylogeny (¢gure 1).
Consider a complete reconstructed phylogeny that is the result of a constant-rates birth^death process with parameters b and d. If d is large then the phylogeny's internal nodes will tend to occur near its tips. This e¡ect, known as`the pull of the present', occurs because lineages that arose in the recent past are less likely to be removed by extinction than lineages that arose in the distant past. The strength of the pull depends on d/b, and increases as d/b increases (Nee et al. 1994a) . Therefore, we might expect that the internal nodes of the phylogeny are, on average, closest to the root when d/b 0 (the pure birth model). This observation suggests that we can reject the constantrates model if the internal nodes of a reconstructed phylogeny are closer to the root than expected under the pure birth model.
To implement this test a measure of the relative positions of internal nodes within a phylogeny is needed. Let g 2 , g 3 , F F F, g n be the internode distances of a reconstructed phylogeny with n taxa (¢gure 1). The statistic we use is
This statistic is modi¢ed from Cox & Lewis (1966, p. 47) . Although complicated, has a useful property: under the pure birth process, -values of complete reconstructed phylogenies follow a standard normal distribution. If 4 0 then a phylogeny's internal nodes are closer to its tips than expected under the pure birth process. Conversely, if 5 0 then the internal nodes are closer to the root than expected under the pure birth model. Therefore, the null hypothesis of constant b and d is rejected at the 5% level if 5 71.645 (one-tailed test). We call this the constant-rates (CR) test.
The above approach follows the same rationale as Zink & Slowinski (1995) , who presented a statistic similar to . However, their statistic contained errors that have been ¢xed in equation (1) 
(b) Monte Carlo simulation
We investigated the behaviour of the -statistic using Monte Carlo simulation. Complete reconstructed phylogenies were simulated using the code implemented in the computer program Bi-De (Rambaut et al. 1996) . Given a speci¢ed birth^death process, this program uses a Markov-chain algorithm to simulate a`complete actual phylogeny', which contains both extinct and extant lineages. Once the algorithm has ¢nished, a complete reconstructed phylogeny is obtained by removing all the extinct lineages from the actual phylogeny. Figure 2 shows the behaviour of under the constantrates birth^death process. Here, depends only on d/b, is smallest when d/b 0 and increases as d/b31. More extinction results in a stronger pull of the present, so internal nodes tend to occur closer to the tree's tips. The shallow gradient of ¢gure 2 suggests that is a weak estimator of d/b. Figure 2 also shows that the type I error of the CR test, when applied to complete phylogenies, is never greater than 0.05 (at the 5% level).
(c) Type II error
To investigate the type II error of the CR test, reconstructed phylogenies were simulated using birth^death models in which speciation and extinction rates vary through time. Figure 3 shows the distribution of under two generalized birth models. In both cases, the null hypothesis of constant speciation and extinction rates is only rejected when b(t) decreases through time. This seems reasonable: if b(t) increases through time then more speciation events will occur near the present, resulting in a larger -value and a high type II error.
We performed further simulations in which extinction was added to the generalized birth models used in ¢gure 3 (results not shown). No matter what form b(t) takes, adding extinction always increases and hence increases the type II error. This result follows from Nee et al. (1994b, eq. 24) and was predicted by Zink & Slowinski (1995) .
(d) Incomplete sampling
Simulations were performed to measure the e¡ect of incomplete taxon sampling on the type I error of the CR test. Incomplete sampling was implemented by simulating a complete reconstructed phylogeny under the pure birth process, randomly selecting a fraction, f, of the extant taxa (the sampled taxa), then removing all non-sampled lineages from the reconstructed phylogeny. Figure 4 shows that the type I error of the CR test increases as f decreases. Internal nodes near the root leave more descendants and are more likely to be included in a small sample than nodes near the tips, resulting in lowervalues (Nee et al. 1994a) . Hence, incomplete sampling can lead us to conclude incorrectly that speciation and extinction rates vary through time.
We suggest a Monte Carlo solution to this problem. Suppose we have an incomplete reconstructed phylogeny The -values were calculated from incomplete phylogenies that were obtained by randomly sampling 30 tips from the complete phylogenies. For the pure birth process f 1. The type I error of the constant-rates test increases as f decreases. of x species, representing a random sample from a larger clade containing y species. Using the method outlined above, we can simulate the distribution of under the pure birth process when only x of y extant species are sampled. An appropriate critical value of is then obtained from the simulated distribution. Observed -values below the critical value are su¤cient to reject the CR hypothesis. This test is named the Monte Carlo constant-rates (MCCR) test. By de¢nition, the type I error of the MCCR test is never greater than 0.05 (at the 5% level), even when it is applied to incomplete phylogenies. The MCCR test is conservative to extinction, which has the e¡ect of increasing and thus raising the type II error.
In summary, the CR and MCCR tests can reject the null hypothesis of constant b and d in favour of a scenario in which b(t) decreases through time. Incomplete taxon sampling results in the CR test incorrectly rejecting the null hypothesis. In contrast, the MCCR test is robust to incomplete sampling. Both tests are conservative with respect to extinction and have high type II errors. Therefore rejection of the null hypothesis is a signi¢cant result but failure to reject should not be considered as evidence in favour of the CR model.
RESULTS
We have applied the CR and MCCR tests to several published phylogenies whose speciation and extinction rates have been investigated using other methods. In each case, the assumption that diversi¢cation occurs equally among lineages is investigated using two methods. First, the B 1 tree-asymmetry test (Kirkpatrick & Slatkin 1993 ) is used to test the null hypothesis that b(t) and d(t) are equal across lineages. Second, the relative cladogenesis statistic (Nee et al. 1994b; Rambaut et al. 1997 ) is used to locate lineages that have diversi¢ed unusually rapidly or slowly.
(a) Sorex shrews Fumagalli et al. (1999) investigated the evolution of Sorex, a genus of red-toothed shrews found predominantly in the palaeartic and neartic. They obtained 1011bp mitochondrial DNA sequences from 27 out of the 70 extant Sorex species. The authors noted that the lineagesthrough-time plot of their phylogeny was convex (Harvey et al. 1994) , leading them to conclude that the rate of speciation in the Sorex genus had decreased through time. However, convex lineages-through-time plots also occur when there is incomplete sampling (Nee et al. 1994a) .
We reconstructed a Sorex phylogeny (denoted Sorex A) using Fumagalli et al.'s (1999) sequence data. One species, Sorex tundrensis, was omitted because it appears to have a di¡erent rate of molecular evolution from the other species investigated (Fumagalli et al. 1999) . The tree topology was estimated using neighbour joining with outgroup rooting, whilst branch lengths were estimated using maximum likelihood (REV-À substitution model, under the assumption of a molecular clock). The molecular clock could not be rejected using a likelihood ratio test (Felsenstein 1981) . Using the B 1 test, we rejected the hypothesis of equal rates across lineages in Sorex A (B 1 11.50, p 5 0.05). The relative cladogenesis statistic highlighted one clade (the Sorex araneus^arcticus group) with unusually rapid diversi¢cation (Fumagalli et al. 1999 ). This clade contained six out of eight Sorex species with an unusual chromosome system, suggesting that Fumagalli et al.'s (1999) data set is a non-random sample of the Sorex genus as a whole. One member of this group (Sorex samniticus) was subsequently removed, resulting in a second phylogeny (denoted Sorex B), which was not rejected under the B 1 test (B 1 11.39, p 4 0.05).
We applied the MCCR test to the Sorex A and B phylogenies. In both cases the hypothesis of constant b and d was not rejected, so it is not possible to draw any ¢rm conclusions about Sorex diversi¢cation using the MCCR test at present (table 1) . Interpretation is further complicated by the probable non-random sampling of the S. araneus^arcticus clade.
(b) Dendroica warblers
Dendroica is a morphologically conservative but behaviourally diverse genus of North American wood warblers that has played an important role in the study of species coexistence (MacArthur 1958). Lovette & Bermingham (1999) presented a phylogeny of the`Dendroica radiation' reconstructed from 3639 bp mitochondrial DNA sequences (denoted Dendroica A). The tree contained 24 out of 27 extant Dendroica species, plus Setophaga ruticilla and Catharopeza bishopi. Lovette & Bermingham (1999) analysed Dendroica A using the method of Wollenberg et al. (1996) and concluded that there was`a signi¢cant burst of speciation occurring early in the history of the genus'. Wollenberg et al.'s (1996) The B 1 test indicates that diversi¢cation in Dendroica A is not equal among lineages (B 1 10.5, p 5 0.05). The relative cladogenesis statistic suggests that this is mainly due to an outgroup of six lineages with unusually low diversi¢cation rates (Dendroica pharetra, C. bishopi, Dendroica angelae, Dendroica plumbea, S. ruticilla and Dendroica tigrina). We removed this out group, creating a second phylogeny (denoted Dendroica B), which was not rejected under the B 1 test (B 1 9.0, p 4 0.05).
The MCCR test was applied to the Dendroica A and B phylogenies. In both cases the hypothesis of constant b and d is strongly rejected (table 1) . Hence, there is good phylogenetic evidence for a decrease in Dendroica speciation rate through time. Furthermore, this conclusion is una¡ected by the removal of several basal lineages.
(c) Primates
A composite estimate of the phylogeny of all extant primates was presented by Purvis (1995) . Previous studies of this phylogeny have failed to detect clades in which speciation and extinction rates vary through time Paradis 1998a) . However, the tests used in these studies assumed that the extinction rate is zero. Here, we follow Purvis et al. (1995) and investigate the Strepsirhini of Madagascar and the Platyrrhini of South America.
In this instance the B 1 test is inappropriate because the phylogenies contain a number of polytomies (Kirkpatrick & Slatkin 1993) . Fortunately the relative cladogenesis statistic detects no anomalous lineages in the Strepsirhini phylogeny and only one weakly signi¢cant lineage (p 0.04) in the Platyrrhini phylogeny , so it is reasonable to assume that there is no signi¢cant variation in speciation and extinction rates among lineages.
Using the CR test, the null hypothesis of constant speciation and extinction rates is rejected for the Madagascan Strepsirhini but not for the Platyrrhini (table 1) . One interpretation of this result is that the restricted geographical area of Madagascar has led to density-dependent cladogenesis in the Strepsirhini .
DISCUSSION
In common with all methods for inferring evolutionary processes from phylogenies, the tests presented here make a number of important assumptions.
(a) No phylogenetic error
The CR and MCCR tests are applied to reconstructed phylogenies that are assumed to be correct. This assumption can always be called into question, justi¢ably so if the sequences used are uninformative. Since the CR and MCCR tests use internode-distance information, they are expected to be more sensitive to branch-length errors than topology errors. In particular, biases that do not apply equally to all branches could lead to systematic bias in . For example, large genetic distances are more seriously underestimated than small distances when among-nucleotide substitution rate variation is ignored (Yang 1996) .
Phylogenetic error could be incorporated into our tests by integrating across all possible topologies and branch lengths. Sanderson & Donoghue (1994) used this approach to investigate diversi¢cation among three lineages. Larger phylogenies could be investigated using Markov-chain Monte Carlo methods (sensu Yang & Rannala 1997) .
(b) Molecular clock
The -statistic requires that observed node heights represent relative times. To satisfy this condition molecular phylogenies are usually reconstructed under the assumption of a molecular clock. However, the clock is not obligatory: recent work has demonstrated that speciation events can be dated even when the rate of molecular evolution is not uniform across the tree (Sanderson 1997; Thorne et al. 1998; Huelsenbeck et al. 2000) .
(c) Random taxon sampling
The MCCR test assumes that incomplete phylogenies contain taxa that are sampled randomly with respect to the complete phylogeny. Non-random sampling may be overdispersed, for example when one representative of each subgenus is used, or underdispersed, if taxa are excluded because they exhibit a trait (such as rarity or geographical location) that is correlated with phylogeny. Overdispersed sampling will raise the type I error of the MCCR test, whilst underdispersed sampling will raise the type II error.
(d) Equal rates across lineages
Most methods, including our tests and Nee et al.'s (1994b) framework, assume that speciation and extinction occur equally on all lineages. At present, the e¡ect of lineage-speci¢c diversi¢cation on such methods is not known. We chose to locate and remove anomalous lineages, then note if this ad hoc procedure qualitatively a¡ected our results. The optimal solution would be to develop null models that incorporate both lineage-and time-dependent speciation and extinction.
(e) Summary
We have shown that it is possible to make useful inferences about species diversi¢cation in the presence of confounding factors such as extinction and incomplete sampling. The continuing development of such methods should lead to a better understanding of macroevolutionary and biogeographical processes. Furthermore, we have shown that it is possible to quantify phylogenetic information about incomplete sampling. We are currently investigating the possibility of using such information to provide phylogenetic estimates of taxon under-sampling and species richness. 
